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Chapter 17
Warming Up to Ice

In 1963, Erasto Mpemba was a middle-school student in Tanganyika (now Tanzania). The topic of the day in his cooking class was making ice cream. Tanganyikan middle-school students were not exactly aspiring chefs, so shortcut expedients were common. To make ice cream the students would simply dump a premixed powder into water, stir the mixture, and shove it into the freezer. A few hours later their treat was ready.

Mpemba noticed something odd. When he mixed his powder with warm water instead of cold water his ice cream was ready sooner. The warm water seemed to freeze faster. That seemed impressive to Mpemba — but improbable enough to his middle school teachers that Mpemba was not among the anointed. 
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Mpemba couldn’t forget his counterintuitive observation. When he moved on to high school, he mentioned the paradox to a physics professor recruited to awaken those high-school students to the marvels of physics. Denis Osborne was not impressed. Every thread of thermodynamic fabric led him to conclude that warm water could not possibly freeze faster than cold water. Mpemba persisted nevertheless. Finally he persuaded Osborne to try the experiment himself using pure water; Osborne quickly confirmed Mpemba’s observation. 
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Their joint papers are now classic (Mpemba and Osborne, 1969, 1979). You can watch a modern demonstration  of the phenomenon <http://www.youtube.com/watch?v=xuhUTaFmaX8&NR=1&feature=endscreen>. The credit rightly goes to the middle-school student who was alert enough to sense the importance of his paradoxical observation, unaware that several notables including Aristotle had earlier observed similar phenomena.
The so-called “Mpemba effect” is not the only paradoxical feature of ice formation. Ice might look like an inanimate block of solid water, but its formation is fraught with several unresolved paradoxes that will need to be resolved if we are to understand how ice forms.
As we take the plunge, we ask the familiar question: might the EZ play a role? Some role seems practically inevitable given the EZ’s structural similarity to ice. If the EZ precedes freezing, then does the EZ also follow melting? Is temperature really the most critical factor? Or, could the more immediate ice-forming agent be something else, induced by cooling?
We begin with a paradox more fundamental than Mpemba’s.

The Energy Paradox
In order for water to freeze, it would seem that energy must be withdrawn. Think of the process: you insert a tray of water into your freezer; when enough heat has been extracted, the water freezes into ice. Then you may reverse the process: blow warm air and the ice soon melts. Thus, withdrawing energy yields the ordered crystal that is ice; adding energy yields the disordered liquid that is water.

This is familiar territory. Yet something seems curious. According to standard thermodynamic principles, creating crystalline order requires the addition of energy, not the withdrawal of energy; to build order (and reduce entropy) you need to put energy in. We’ve seen this principle before: building the ordered EZ required electromagnetic energy — the more energy supplied, the larger the ordered zone.

This principle follows common sense. For example, if you want to create an elaborately structured sand castle you must expend energy for its construction. Then it’s done. Those sand castles won’t endure forever: the ravages of wind and tide will reduce your elaborately ordered structure to the common debris of the sandy beach. Ordered systems left alone will give way to disordered systems. To restore the order you need to supply more energy.

If all of this seems reasonable, then we are in deep trouble because the ice scenario seems backwards. Ice is the ultimate ordered crystal. As such, you’d expect that lots of energy would be needed for its construction. Yet, it seems you must pull energy out. This backwards scenario resembles another seemingly backwards scenario: salt and sugar crystals. Those crystals ordinarily form upon cooling — just like ice. If we are able to resolve the ice anomaly, then perhaps we can also resolve these crystal anomalies at the same time.
Scientists have rationalized the ice-formation anomaly by employing an alternative framework: thermal motion. The diminished thermal motion expected at low temperatures is supposedly less disruptive; thus, water molecules can easily follow their natural tendency to self-organize — into ice. That conceptual framework seems reasonable on the surface; however, it begs the thermodynamic question: how is it that obtaining order ordinarily requires the addition of energy, whereas in the case of ice you need to withdraw energy?

It was my friend Lee Huntsman, fellow scientist/engineer who defected from the scientific trenches to become our university’s president, who brought this paradox to my attention. Lee approached me after a public lecture I delivered. The lecture was a personal high — a special recognition that our university’s faculty bestows each year on one of its own. Congratulatory nods followed the lecture, but Lee’s question about the thermodynamic paradox was the interaction that was most appreciated. It stirred me to think.

Eventually the paradox resolved — along with a fresh new understanding of ice formation. I came to appreciate that a massive reserve of internal energy stands ready to fuel the transition to ice. Triggering its release merely requires adequate cooling. In the end, energy really does get used for creating order, so the founders of classical thermodynamics can rest peacefully.
Resolving the Energy Paradox: EZ as Protagonist
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That ice forms from water is obvious. Less obvious is whether the ice forms from bulk water or EZ water. Since EZ and ice both comprise stacked honeycomb sheets, it does not take a rocket scientist to think that ice and EZ states might be closely linked, i.e., that ice might form directly from EZ water. 
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The respective structures are not identical, however; and the differences tell us what any such transition might require (Fig. 17.1). In the EZ structure, adjacent planes are out of register
 (panel a). Charges of one plane line up with opposite charges of the adjacent plane. This keeps EZ planes stuck together. In the case of ice, the honeycomb sheets lie in register (panel c). Oxygen atoms lie opposite oxygen atoms, and hydrogen atoms lie opposite hydrogen atoms. This juxtaposition creates local repulsions that would ordinarily blow the structure apart, but nature employs a trick: gluing the planes together with protons (panel c). The protons lie between adjacent planes’ oxygen atoms (actually between every other pair). Thus, positive charge glues two negatives. That glue makes ice solid.

Hence, any transition from EZ to ice requires a massive influx of protons (panel b). Those protons would add positive charge to the negative EZ, moving the ordinarily negative structure toward neutral. Ice is nominally neutral, so that works. The protons also take up space. The proton’s bulk pushes apart the EZ planes, accounting for ice’s lower density. Ice floats. Thus, an EZ-to-ice transition seems promising: it can explain some of the most basic features of ice.
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An EZ-to-ice transition also makes sense energetically. The protons excluded from the EZ constitute potential energy: positive separated from negative. As the positive protons rush into the negative EZ, that potential energy is surrendered — like high water rushing down a breached dam. Hence, thermodynamic expectations are satisfied (Fig. 17.2).
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---

Box: Snow crystals
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The hexagonal nature of snow crystals is familiar. Most commonly, snow crystals show cylindrical symmetry; i.e., they can be thought of as solid cylinders sculpted at the edges to create hexagonal order. Some template seems necessary for creating these frozen cylindrically symmetric hexagonal structures, and a likely possibility is the EZ’s stacked hexagonal array .

---
Given these attractive features, it seemed worth taking the next step. We set up experiments to test whether the EZ transitions directly into ice. 
Evidence that an Exclusion Zone Precedes Ice
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To set the stage for these experiments we used a large cooling plate. A strip of Nafion was placed atop the plate and a drop of water was positioned immediately adjacent (Fig. 17.3, diagram). We then began cooling the plate. 
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The first region to freeze was the EZ — always. Typically, the freeze would begin right [image: image12.jpg]CRANDMA'S "FAMOVS" (CE PECIPE
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at the water-Nafion junction (top, white spot). Freezing would then propagate from that point. Usually the freeze front propagated faster along the EZ than perpendicular to it. Long stretches of EZ would sometimes freeze well before the freeze invaded any of the water beyond  (bottom panel, arrow). Thus, the EZ was the always first to freeze.
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Much the same was found in an entirely different experimental setup (Fig. 17.4). Here we inserted a heat-conducting tongue into a small experimental chamber containing water and microspheres. The tongue could be cooled from the outside, either by a thermoelectric device or by exposure to a fluid coolant. Either way, the tongue could draw heat from the water.
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As the water temperature began dropping, nothing much happened at first. Then an exclusion zone began forming next to the tongue. (The type of tongue didn’t matter much.) The EZ grew progressively larger with additional cooling — often to 500 µm or more. Then, either of two things happened: In some instances the EZ transitioned directly into ice — as above. In other instances the microspheres invaded the EZ before the freeze; then it was the EZ enveloping each microsphere that froze. We knew that because the freeze utterly crushed the microspheres. Either way, the EZ was the ice precursor.

A question is why the EZ should build next to the cooling surface. This seemed puzzling at first: EZ buildup requires infrared energy. If the cooling surface withdraws infrared, you’d think that EZ should shrink, not expand. Expansion seems paradoxical.
In the setup illustrated in Figure 17.4, however, the EZ may actually receive more infrared than anticipated. This is because the cold plate draws infrared out of the adjacent fluid, while the bulk water pumps infrared into the adjacent fluid. This push-pull scenario creates a large infrared throughput. Any incipient EZ forming next to the tongue receives lots of infrared energy; therefore, the EZ expands. It is this expanded EZ that evidently turns into ice.
Thus, EZ growth seemed a necessary condition for ice formation. This feature seemed helpfully supportive: EZ growth usually separates charge; the separated protons could then be staged for the proton invasion needed to create the ice.

What about melting? If freezing involves an EZ-to-ice transition, then melting should logically involve an ice-to-EZ transition. This expectation was test experimentally and confirmed (So et al., 2012). We placed small blocks of ice into standard spectrophotometer cuvettes and checked the melting water. Consistently, we found the 270-nm EZ-signature peak. We found that peak no matter what kind of water had been frozen (Fig. 17.5). The peak persisted for some tens of seconds, and then vanished as the melting ice completed its transition through EZ to bulk water.
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Thus, it didn’t matter whether you were freezing or melting: Either way, the EZ state was intimately linked with the ice state. No surprise since their structures are so similar.
Positive Charge and Ice Formation
The second testable feature in the proposed scenario is proton influx; the rush of protons into the EZ should be the critical agent for freezing. You might think this hypothesis strange: common experience tells us that cooling is what’s important for ice formation, not proton influx. The hypothesis, however, implies that cooling should take a back seat to proton influx.
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If cooling is secondary, then the freezing temperature need not be strictly 0 °C; in theory, freezing could take place at other temperatures. Freezing temperature of 0 °C seems common knowledge — it even serves to define a point on the Celsius scale. However, water does not always freeze at 0 °C. I don’t refer to water with dissolved matter, where “colligative” properties may lower the freezing temperature by a few degrees. I’m referring to pure water under standard conditions, where the freezing temperature can sometimes descend far below 0 °C.

Scientists recognize that pure water at atmospheric pressure sometimes does not freeze until the temperature descends to the vicinity of -40 °C. In confined spaces freezing temperatures can descend even to near -80 °C (Hori, 1956). Difficult-to-freeze water is poorly understood. Such water is expediently classified as “super-cooled,” a label that merely sidelines the absence of understanding,

That freezing temperatures can descend so far is fortunate. If water were to freeze at 0 °C, then plant life would be extinguished in colder climes: the plant’s water would turn to ice, which would rip mercilessly through all the plant’s organelles, tearing those organelles to shreds. That does not happen. It does not happen because the freezing temperature can descend much lower than the sometimes-frigid ambient temperature. 
That temperature is not the critical variable for ice formation should come as no surprise given the uncertainties associated with the use of temperature (see Chapter 10). Some other variable ought to be more fundamental. That variable is proposed to be proton charge.

An Israeli group recently addressed the issue of charge during freezing (Ehre et al., 2010). Into an externally cooled chamber, they immersed a pyroelectric device  (Fig. 17.6). Pyroelectric devices can control their surface charge polarity: you effectively dial in negative, neutral, or positive, and then test how those varied surface charges impact freezing.
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Negative-charge polarity made it difficult to freeze the contiguous water (top); i.e., water temperature had to be reduced to very low values before the water could freeze. Positive polarity did the opposite — it promoted freezing (bottom). That is, when the surface could deliver positive charge, the water could freeze before its temperature descended to very low values. Thus, positive charge promoted freezing.
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A notable aspect of that experiment was that the water-filled chamber was being cooled from all around. Ice should have begun forming at the periphery of the chamber. That did happen generally, but not with the positive charge protocol. In that case the ice began forming right at the pyroelectrically charged interface, implying that injection of positive charge was important for ice formation. Even more telling: to produce positivity the pyroelectric device had to be heated. 
In other words, the water froze next to the device even as that device was adding heat to the water. So much for cooling as a requirement for ice formation!

This result makes it abundantly clear that temperature cannot be the critical variable for freezing. Adding heat creates ice. Positive charge injection seems important,, perhaps more important than temperature.
The Proton Rush
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Buoyed by these experimental observations, we wondered whether we could find visual confirmation of protons actually entering the ice-forming region. Early electrical measurements implied such entry (Workman and Reynolds, 1950). We checked that older result by positioning an electrode ahead of an advancing ice front: as the ice reached the electrode, the electrical potential spiked upward by as much as one volt. This was consistent with proton invasion. It provided impetus to check further using direct visualization.
To check for protons we used pH-sensitive dye. In one configuration we used a circular chamber (Fig. 17.7). We placed the chamber atop a liquid-nitrogen-cooled metal plate. At room temperature the dye showed green (left), indicating neutrality. Just as the water began freezing at the rim, the rim color turned deep orange (right), indicating numerous protons. The observations couldn’t tell us how those protons got there; however, they did confirm that protons entered the region of ice formation. 
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We got a similar result when we froze by using a cooled aluminum plate inserted into the water-containing chamber. Again, the ice-forming region turned deep orange (Fig. 17.8).

Yet again, a similar result was obtained using a droplet. The droplet sat on a cooled base. Freezing progressed from the droplet’s base upward. As the periphery froze, the color went from green to orange, once again indicating incoming protons (Fig. 17.9).
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Confident that the results were confirming the proton rush, we tried an altogether different visual approach: an infrared camera. Here again we examined a droplet on a cooling surface. If protons flooded the peripheral EZ, then that charge movement should create a flash of infrared energy. We confirmed the flash (Fig. 17.10). The burst of energy persisted for a second or so. It confirmed the proton rush, and left us appreciative that the droplet could signal its transition to ice in so “flashy” a way. 
Our excitement was briefly dashed when somebody suggested a different interpretation: the flash merely signaled the “heat of fusion.” Water supposedly loses heat as it freezes; the expression of that heat might be the flash of infrared that we saw. That interpretation seemed plausible at first; however, something didn’t fit. Withdrawing heat should cause the droplet to cool, or at least remain at the same temperature; but the temperature scale indicated that the droplet heated as it froze. Why should something freezing undergo a temperature increase? That made no sense at all.

On the other hand, the infrared flash made perfect sense if interpreted as signaling a rapid proton influx. Charge movement generates infrared. We’ve seen many examples of that throughout this book. Here that line of interpretation is given added strength by the dye-experiment results, which confirm the rush of protons. Hence, the two sets of results lend strength to one another. Protons do evidently rush in to create the ice.
The Proton-Release Trigger
If protons play the anticipated role, then something must unleash those excluded protons to invade the EZ. Without a trigger the protons might seep continuously back into the EZ, creating ice all the time. That doesn’t happen.

What might be the trigger? 
Recall that bare protons are required for ice formation; those bare protons insinuate themselves between the EZ planes to create the ice (Fig. 17.1). However, bare protons are unavailable: the only available proton-containing species is the hydronium ion — a proton latched onto a water molecule.
You’d think that hydronium ions might suffice for creating ice, but the issue is one of size. Hydronium ions may be eager to penetrate into the negative EZ lattice, but that ion’s bulk prevents (Fig. 17.11). Even water molecules are too bulky to enter. Think of the hexagonal channels running through the EZ. Not only are the unit hexagons tiny, but also the hexagons of successive planes lie out-of-register; this reduces the openings to virtual nothingness. Only the diminutive proton is small enough to penetrate.
However, protons are not available. The protons must free themselves from the hydronium ions in order to rush into the EZ lattice and create ice. Thus, a possible trigger is the proton release. That is, whatever may be responsible for freeing the proton from the parent water molecule is a possible trigger for ice formation.

To envision how the proton might gain its freedom, think of the forces exerted on that proton (Figure 17.12). The first is the EZ’s negative charge, which pulls on the proton. This pulling force cannot be sufficient for dislodging the proton; if it were, then protons would continually enter the EZ and defeat any prospect of maintained charge separation. 
The second force is the push; this comes from all positive hydronium ions lying beyond the hydronium ion in question. That repulsive push edges the proton toward the EZ. The magnitude of the push should depend on how many hydronium ions are pushing, which depends on the number of EZ charges separated. If that number exceeds a threshold, then the push and pull forces should begin dislodging near-EZ protons. Those protons should be sucked instantly into the EZ — all the way to the most negatively charged layer. That event should initiate ice formation.
Hence, proton dislodging seems a likely trigger for ice formation.
---

BOX: Mechanical Perturbations Can Trigger Ice Formation
Some eye-popping scenarios confirm the ice trigger’s abrupt nature. Put a sealed flask of water into your freezer until the water is super-cooled but not yet frozen. Then remove the sealed flask. A vigorous shake will trigger massive ice formation <http://www.youtube.com/watch?v=bDwZqBq-rLQ&p=2556DBFD5031F40F&index=39>.  A plausible reason is that shaking transiently increases the local hydronium-ion concentration, sufficiently to trigger the proton invasion. The shaking may be thought of as enhancing the right hand push in Figure 17.12. Another example: take the same almost-frozen flask of water from the freezer. Remove the cap and pour the water into a beaker. As the water lands, it may freeze  <http://www.youtube.com/watch?v=fSPzMva9_CE>. These demonstrations reaffirm the razor-like triggering action, requiring only a minor perturbation for the triggering to become manifest.

---

Cooperative Ice Buildup: Why Ice is Solid

In theory, the mechanism outlined above should be sufficient for creating ice. An EZ grows and hydronium ions build up beyond. Protons dislodged from those hydronium ions penetrate all the way to the most negative EZ layer, then to the next, and so on. Ice builds progressively.
All seems well. However, any quirk that leaves some layer unprotonated will wreak havoc — two small blocks of ice instead of one large one. Since that doesn’t happen, nature likely employs some safety feature that guarantees integrity: e.g., a just-formed layer of ice facilitates the formation of the next layer, etc. With cooperativity of that kind, ice cubes will rarely break apart.
Cooperativity turns out to be an inherent feature of the proton-invasion mechanism. Envision two adjacent EZ planes, poised for ice formation (Fig. 17.13). In the EZ state, those planes are out of register (left); in the ice state the planes are in register (right). In order for ice to form, plane B must therefore shift relative to plane A.
In envisioning this shift, consider the positions of oxygen’s electrons. In the EZ configuration, plane B’s oxygen electrons orient toward plane A, attracted by the nearby positive charge (left, box). That’s what keeps the planes stuck together. Once plane B shifts to the ice configuration (right) the environment changes: an oxygen replaces the hydrogen. The two oxygens repel, shifting those electrons to the opposite direction (right, box). The electrons now face the invading protons, providing an attractor. You might say that the shift puts out the welcome mat for the invading protons.

That welcome mat lies at the face of the just-forming ice, assuring that the invading protons stick where they should stick. In this way the ice assuredly forms plane by plane, uninterrupted. The ice is sure to be solid.

A satisfying feature of the growing ice structure is that it is the correct structure. Please note the locations of the protons lying between planes (Fig. 17.13, right panel, dark blue dots); those protons link every other oxygen. The protons are 60° offset from the proton-welcoming sites. Hence, the new protons will always settle 60° offset from the protons of the previous layer. That regular 60° shift yields the correct ice structure.

Thus, the model of ice buildup seems on track. The model’s cooperativity ensures that ice will be solid; and the model’s operative features ensure the all protons will be correctly positioned.
Natural Ice Formation

To see how the formulated model explains ice buildup in a natural setting, consider the freezing of a lake. Say the air above becomes frigid. In the cold, evaporation is much reduced. Surface EZs form a relatively stable cap — something like a lid on a container of water (Figure 17.14, left).

The EZ cap receives infrared radiation from the water beneath; meanwhile, the EZ radiates infrared to the cold air above. This large infrared throughput grows the EZ (as in Fig. 17.4). Meanwhile, the hydronium ions accumulating beneath the EZ cannot escape — the cap confines them. Once the hydronium ion concentration grows high enough, protons invade the EZ and begin building the ice (Fig. 17.14, right panel). Cooperativity assures steady, uniform buildup.

The EZ continues to grow because of the sustained infrared throughput. In this way the ice thickens. When the ice thickens sufficiently and the vertical infrared gradient thereby reduced, the ice may finally become stable. The colder the air, the thicker will be the ice; the warmer the air, the thinner the ice. Thus, the principles operating in laboratory chambers operate similarly in nature.

---

Box: Freezing from the Surface Downward
Top down freezing is a fortunate feature of nature. If freezing happened from the bottom up, then not only would ice-skating be awkward but also fish might find themselves nudged out of the water and gasping for dear life. Fortunately, ice always grows downward from the surface. Fish are happy.

---

Energetics Conform to Expectation
With this understanding in place we are now in a position to respond to questions about energetics. Two questions arose. The first was why ice formation seemed to deviate from conventional thermodynamic principles. That question was already resolved: ice formation does require energy; it exploits the potential energy of proton separation. That potential energy is delivered as the positive charges combine with the negative EZ to build crystalline ice. Hence, the energetics of ice-formation are perfectly routine.

The same question arose concerning sugar and salt crystals. There also the energetics seemed thermodynamically backwards: crystallization takes place as solutions cool and energy is thus withdrawn. However, the solutions are generally heated beforehand, and if not, then ample infrared energy may still be absorbed from outside. That absorbed energy separates charge. The separated charge provides the energy for driving the crystal formation. Thus, the energetic scenarios in those crystals are much the same as in ice crystals. No principles are violated.
The second of ice’s seemingly anomalous energetic features is the so-called latent heat. As commonly understood, latent heat is the heat given off as water transitions to ice. The surrendered heat should warm up the immediate environment, while the water itself is presumed to remain at constant temperature during its change of phase. However, that’s not what we observed. Infrared images of freezing droplets show hardly any heating of the surrounding area, while the water being frozen heats up during the process (Fig. 17.10). The water gets hotter as it transitions to ice. That’s not supposed to happen.

A more plausible interpretation of the “latent heat” follows from our earlier understanding. Infrared radiation comes from charge movement. The proton rush is exactly that — a massive movement of charge. Hence, the so-called latent heat is nothing more than an expression of that proton rush. The “heat” has no intrinsic significance.
The heat-based interpretation gets even messier if you consider its dynamics. According to conventional views, latent heat is an expression of the physical transition from water to ice. As ice forms, a single burst of heat should evolve. However, that’s not what’s seen: we found substantial delays between the appearance of latent heat and the physical transition to ice.

In one such experiment a water droplet was placed upon a cooled metal plate. During the course of freezing the droplet generated a flash of infrared, as in Figure 17.10. The flash persisted for roughly half a second before freezing began, i.e., before there was any sign of the expansion that signals physical ice formation. Even longer delay was seen with a tubular column of water standing on the freezing plate. The infrared emission began at the bottom. Emission progressed upward, finally reaching the top of the column — but no volume increase was detectable at the top until approximately 1.5 seconds later. Such delays contradict the conventional expectation that latent heat and ice formation occur concurrently.

The proposed model on the other hand envisions ice formation as a two-stage process. First, protons flood the EZ, generating the infrared flash. Second, those protons insert themselves between EZ planes, shifting the planes and pushing them apart — that creates physical ice. Thus, the triggering event precedes the structural event — as the infrared evidence above implies.
This resolves the second of the two energetic issues. I believe all energetic issues conform to expectation.
---Box 

Why is Water’s Density Highest at 4 °C? 

The well-known density variations that accompany temperature changes have remained a head-scratching enigma for scientists: Why should water’s density be highest at 4 °C? What’s magical about that temperature? 
Density depends on the relative amounts of each phase present in the container. Since EZ water is denser than bulk water (Chapters 3 and 4), and bulk water is denser than ice (which floats), the relative amounts of each phase should matter (panel a).
Suppose a container of water is gradually cooled down from room temperature. Cooling increases EZ content (see above); hence, the volume progressively shrinks (panel b, first three images). You might say the density has increased.
When cooling is sufficient, however, EZs may begin transforming into ice. This should happen initially in localized regions, where proton concentration might exceed threshold. Thus, patches of ice will begin replacing some EZs. Since ice is considerably less dense than EZ water, the volume may now begin increasing. At what temperature? If the massive freeze occurs near 0 ‘C, then patchy ice might begin forming a few degrees higher — plausibly at around 4 °C. Thus 4 °C would be the temperature of minimum volume (third image). There the density would appear to be highest.
Thus, the temperature-dependent density variations may be simple reflections of the amounts of each phase present in the water.

---
Room-Temperature Ice?
To my knowledge nobody has ever seen a block of ice forming at room temperature. On the other hand, if proton invasion really holds the key to ice formation, then room-temperature ice falls within the realm of plausibility. Room-temperature ice could form in situations in which both protons and EZ were in unusually ample supply, and were suitably juxtaposed.

One such situation may be the water bridge (see Chapter 1). The bridge’s most obvious attribute is its stiffness: hardly any droop is apparent despite the bridge’s several-centimeter span  (Fig. 17.15). You could almost walk across the bridge. One wonders whether the presence of an ice-like phase could create the evident stiffness.
The bridge cross-section comprises two zones: annular and core. The core zone contains protonated water flowing from the positively charged beaker towards the negatively charged beaker. A strong infrared signal is expected from this proton flow, and that is observed (Woisetschläger et al., 2010, Fig. 5). The annular zone moves in the opposite direction to the core, more slowly. The annulus has some EZ-like features: it bears negative charge because it originates at the negative electrode; it is birefringent; and it excludes particles (Woisetschlager et al., 2010).
The scenario seems just right for creating ice: an annular EZ, and an endless supply of passing protons. Depending on which of the two entities is more mobile, the ice could form in the annulus, the core, or both. The ice would exist transiently. Nevertheless, even transient, ice distributed throughout the bridge and fluctuating dynamically could suffice for maintaining the bridge’s stiffness. Ice-like bridge features are not a new idea; they were suggested earlier (Piatkowski et al., 2012).
Room-temperature ice can form in instances besides the water bridge. That kind of ice forms when electric fields are applied across narrow water-containing gaps (Choi et al., 2005). The applied field presumably creates enough positive charges to convert the standard interfacial EZs to ice. Thus, room-temperature ice is a reality. All that’s needed are ample amounts and proper juxtapositions of the two main ingredients: EZ and protons.

Those protons may provide the grist for many interpretational mills — including that of Mr. Mpemba. Warm water contains an abundance of the ingredients needed for freezing: EZ-shelled vesicles and protons (Chapter 14). With the ingredients abundantly at hand, it shouldn’t take much time to create the end product.

Summary 
The transition from water to ice requires an EZ intermediate (Fig. 17.16, panel i). As the temperature drops, EZs build and hydronium ions accumulate just beyond the EZ (ii). When the hydronium ion concentration grows high enough, protons break free and invade the negative EZ (iii). Those protons link adjacent EZ planes, initiating the structural transition to ice (iv). Ice grows as the process continues (iv) . 
The proton-invasion mechanism resolves a fundamental energetic paradox. Creating crystalline order requires energy input. Creating crystalline order in ice generally requires cooling, which implies energy withdrawal. The energetics have seemed backwards. However the proton-invasion mechanism resolves that paradox: The rush of protons into the EZ delivers the potential energy of charge separation. Hence, energy is indeed required for forming crystalline ice. Energetic issues do not defy convention; they are perfectly conventional.
---

With these considerations we conclude the scientific aspects of our discussion. We’re essentially done with water. In the final chapter we return to the domain in which we started: philosophy. We reflect on where we have come, what we have learned, and where we might go from here. From this vantage point the horizon seems to loom heavily with scientific ferment.

​
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Figure 17.1. Transition from EZ to ice. The transition requires protons (b) and planar shift (c). (The ice planes are not flat because of local attractions and repulsions.)





Figure 17.2. Energetic aspects of the transition from EZ water to ice. The required energy comes from separated protons.





Figure 17.3. Time course of droplet freezing on a cold plate. The droplet sits beside a strip of Nafion. Region of freezing begins in the EZ next to Nafion (top, white dot) and tends to propagate most rapidly along the EZ  (arrow, bottom panel).





Figure 17.4. Cooling apparatus for exploring the relation between EZ and ice formation.





Figure 17.5. Spectrometer readings obtained from just-melted water. The 270 nm peak is consistently present.





Figure 17.6. Pyroelectric experiments. Negative charge retards ice formation, while positive charge promotes ice formation.





Figure 17.7. Water containing diluted pH dye.  pH values refer to edges.





Fig 17.8. Color of pH-sensitive dye during freezing. Deep-orange color indicates low pH and hence abundant protons. 





Figure 17.9. Time course of color change during freezing of a droplet on a cooled surface. Orange color shows that protons concentrate as the drop began to freeze.





Figure 17.10. Infrared emission from a water droplet during freezing on a cold surface. The droplet emits a brief flash of infrared light as it freezes (top to bottom). Frame times in seconds: 3.3, 29.0, 29.3, 30.0. Equivalent temperature scale is shown at right.





Figure 17.11. Only protons are small enough to penetrate into the EZ lattice.





Figure 17.12. Forces exerted on a near-EZ hydronium ion. EZ negativity pulls on the proton, while many bulk-water hydronium ions push on the proton, eventually dislodging the proton from the parent water molecule. Once dislodged, the proton is easily sucked into the negative EZ.








Figure 17.13. Charge disposition on oxygen atoms. Newly created ice layer (darker) exposes oxygen’s negative charge to be receptive to incoming protons. The welcome mat is put out.





Figure 17.14. Ice formation in natural bodies of water. Infrared energy from the warmer water beneath builds the surface EZ and separates charge (left). Invading protons create ice (right). Ice thickens as the process continues. 





Figure 17.15. Water bridge between two beakers. Bridge has a near-cylindrical cross section, comprising an annulus and a core, which cannot be distinguished in this optical image.





Figure 17.16. The ice-formation mechanism summarized.








